Meiosis is characterized by two chromosome segregation rounds (meiosis I and II), which follow a single round of DNA replication, resulting in haploid genome formation. Chromosome reduction occurs at meiosis I. It relies on key structures, such as chiasmata, which are formed by repair of double-strand breaks (DSBs) between the homologous chromatids. In turn, to allow for segregation of homologs, chiasmata rely on the maintenance of sister chromatid cohesion. In most species, chiasma formation requires the prior synapsis of homologous chromosome axes, which is mediated by the synaptonemal complex, a tripartite proteinaceous structure specific to prophase I of meiosis. Yemanuclein (Yem) is a maternal factor that is crucial for sexual reproduction. It is required in the zygote for chromatin assembly of the male pronucleus, where it acts as a histone H3.3 chaperone in complex with Hira. We report here that Yem associates with the synaptonemal complex and the cohesin complex. A genetic interaction between yem 1 (V478E) and the Spo11 homolog mei-W68, modified a yem 1 dominant effect on crossover distribution, suggesting that Yem has an early role in meiotic recombination. This is further supported by the impact of yem mutations on DSB kinetics. A Hira mutation gave a similar effect, presumably through disruption of Hira-Yem complex.
INTRODUCTION
Meiosis is the specialized chromosome segregation process that drives germ cells to form haploid gametes. To achieve this result two successive segregation rounds that eventually halve the chromosome number follow a single round of DNA replication. Meiosis I is the key step in the chromosome segregation process that leads to haploidy; it relies on specific structures and molecules. The side-by-side organization of the sister kinetochores, which is maintained by meiosis-I-specific cohesion in conjunction with a physical link between the homologous chromatids, ensures the accurate segregation of the homologous centromeres at anaphase I of a recombinationproficient meiosis. Importantly, the sister centromeres are held together until anaphase II owing to the meiosis-specific cohesion (see Petronczki et al., 2003; Watanabe, 2005 and references therein). In most species, the physical link that connects the homologous chromatids, which results from the use of the homologous chromatid as a template for double-strand break (DSB) repair, can be observed as a cytological mark called chiasma. These meiotic events can be genetically measured as crossing-overs (Phadnis et al., 2011) . Resolution of recombination intermediates as crossing-overs relies on specific protein complexes. The first complex whose structure and function in meiotic recombination was recognized is the synaptonemal complex, a zipper-like proteinaceous structure (Carpenter, 1975; Moses, 1969; Moses, 2006) . The other complex is the cohesin complex, which is important for many aspects of chromosome structure and function (Hirano, 2000; Wood et al., 2010) . Importantly, the cohesin complex is essential for the organization of meiotic chromosomes; in particular, it is intimately linked to the structure and assembly of the synaptonemal complex (Revenkova and Jessberger, 2006; Stack and Anderson, 2001 ). The synaptonemal complex holds the homologs together during the recombination process; therefore, its integrity is required for the chromosome segregation process, which relies on homologous recombination (Page and Hawley, 2004) . In Drosophila, only oocyte chromosomes undergo recombination, accordingly the synaptonemal complex is specific to female meiosis; males use a different strategy for the segregation of their meiotic chromosomes (Thomas et al., 2005) . The structure of the synaptonemal complex is highly conserved from yeast S. cerevisiae to mammals. It is a tripartite structure composed of two lateral elements, a central element and transverse filaments that cross the central element (Lake and Hawley, 2012; Page and Hawley, 2004; Zickler and Kleckner, 1999) . Lateral elements originate from the axial elements, structures to which cohesin proteins localize and which organize the sister chromatids. Axial elements are considered a basis for synaptonemal complex assembly (Lake and Hawley, 2012; Page and Hawley, 2004; Zickler and Kleckner, 1999) . In spite of the high conservation of the synaptonemal complex structure, its components are not necessarily conserved at the amino acid sequence level. In Drosophila, the first components whose requirement for synaptonemal complex structure and crossover formation was reported were C(3)G (a component of transverse filaments) and C(2)M (a component of lateral elements) Page and Hawley, 2001) . C(2)M does appear to be distantly related to kleisins, the non-SMC cohesin subunits; however, no function in cohesion has been found for C(2)M (Heidmann et al., 2004) . Later, Corona (Cona), another component described as a central element, has also been reported to be required for synaptonemal complex formation (Page et al., 2008) , in contrast to Ord, a synaptonemal complex component that is required for sister chromatid cohesion. As evidenced by C(3)G staining, the synaptonemal complex looks normal in early ord-null germarial cysts, but its disassembly occurs prematurely, by stage 1 (Webber et al., 2004) , whereas in wild-type synaptonemal complex disassembly does not occur before stage 6 (Page and Hawley, 2001) . Interestingly, synaptonemal complex components persist at centromeric regions far beyond recombination completion, both in flies and mammals (Bisig et al., 2012; Qiao et al., 2012; Takeo and Hawley, 2012; Takeo et al., 2011) . SMC1 and SMC3, the canonical cohesins, and Nipped-B, the Scc2 homolog, have all been shown to localize to the synaptonemal complex (Gause et al., 2008; Khetani and Bickel, 2007) . How these complexes form, the possible existence of subcomplexes, and how they contribute to the chromosome axes and the synaptonemal complex lateral elements, are complex issues that are not yet fully understood.
In the present work, we have investigated the role of the Yemanuclein (Yem, also known as Yem-a) (Aït-Ahmed et al., 1992) during early meiotic prophase. In our previous work we have shown that Yem has an essential role in sexual reproduction, as mutations of Yem can result in parthenogenetic offspring, suggesting that there are chromosome segregation defects in the oocyte and defective syngamy in the zygote . These observations were further supported by the discovery that Yem functions in remodeling the paternal pronucleus chromatin through the complex it forms with Hira (Orsi et al., 2013) . Hira is the first member of the Yem-Hira H3.3 chaperone complex to be recognized as a major player in chromatin assembly of the male pronucleus (Loppin et al., 2005) . Here, we show that Yem is associated with the synaptonemal complex and that it interacts in vivo with components of the cohesin complex. We also show that it is required for various aspects of meiotic recombination, namely, crossover distribution and the timing of DSB formation. A Hira-null mutation had a similar effect on DSB kinetics, presumably through disruption of the germarial localization of Yem, unveiling for the first time a role of the Hira-Yem complex in female meiosis.
RESULTS

Yem is a new synaptonemal-complex-associated protein
The localization of Yem to the oocyte nucleus and its importance for female meiosis has already been recognized in our previous work (Aït-Ahmed et al., 1992; Meyer et al., 2010) . In the present work, we aimed to investigate Yem function in early meiotic prophase. In a first experiment, this question was addressed cytologically by immunostaining whole-mount ovaries with antibodies against Yem. As shown in Fig. 1A , Yem could be detected from as early as region 2a of the germarium, which is in line with its mRNA expression and localization (Capri et al., 1997) . The various stages are schematically shown up to mid-prophase in the drawing of Fig. 1B (adapted from King, 1970) . Higher magnification of Yem-stained egg chambers revealed ribbon-like structures typical of the synaptonemal complex (Fig. 1Ad,e) . The synaptonemal complex initially forms inside the three-and four-ring canal cells of the 16-cell cyst before being restricted to the four-ring canal cells (called pro-oocytes). Yem colocalization with well-characterized synaptonemal complex components, such as C(3)G and C(2)M, was assessed by co-staining with a monoclonal antibody against C(3)G and an antibody against a HA-tagged version of C(2)M Page and Hawley, 2001) . Results in Fig. 1C clearly show colocalization of Yem with C(3)G and C(2)M.
The germarial localization of Yem depends on synaptonemal complex lateral elements and transverse filaments C(3)G, a transverse filament component, and C(2)M, a lateral element component, have been shown to be indispensable for synaptonemal complex formation (Anderson et al., 2005) . As previously revealed by C(3)G staining, the threadlike structure typical of the synaptonemal complex is replaced by punctuate structures in the absence of C(2)M . As shown in Fig. 2A , Yem staining was strongly affected in germaria of females that are homozygous for c(2)M EP2115 or c(3)G 68 Page and Hawley, 2001) . A higher magnification of the c(2)M EP2115 germarium shows a punctuate distribution of Yem identical to that of C(3)G (Fig. 2B) . A similar observation has been previously made for the localization of the Cona protein, which is a component of the central element (Page et al., 2008) . This result suggests that Yem localization to the chromosomes during early meiotic prophase is dependent on the integrity of the synaptonemal complex. However, towards the end of pachytene, Yem localization to the oocyte nucleus no longer required the presence of the synaptonemal complex ( Fig. 2A) . Yem and C(3)G also localize similarly in ord mutant background (Fig. 2B) . Ord, as well as C(2)M and SMC1, is considered to be a component of lateral elements in Drosophila (Anderson et al., 2005; Khetani and Bickel, 2007; Manheim and McKim, 2003; Webber et al., 2004) . In contrast to the c(2)M and c(3)G mutant backgrounds, the ord background does not totally abolish the formation of the synaptonemal complex threadlike structures. However, they are not as stable as they are in wild-type backgrounds (Khetani and Bickel, 2007; Webber et al., 2004) . It is noteworthy that yem mutant backgrounds had no effect on the integrity of the synaptonemal complex (supplementary material Fig. S1 ; Fig. 5 ).
Yem associates in vivo with components of the cohesin complex
Because Yem associates with the synaptonemal complex (this work) and also has DNA-binding properties (Aït-Ahmed et al., 1992), we decided to investigate its possible interaction with components of the cohesin complex. To address this question, we performed co-immunoprecipitation experiments using ovary protein extracts. We tested the in vivo association of Yem with SMC3, a canonical cohesin protein, and C(2)M, which is known to form a complex with SMC3 (Heidmann et al., 2004) . For this purpose, we constructed a fly stock that had both the gSmc3-ha and gc(2)M-myc transgenes described previously (Heidmann et al., 2004) . Then, immunoprecipitations were performed with antibodies against the endogenous Yem protein and the Myc [C(2)M] and HA (SMC3) epitope tags. The immunoprecipitates were probed with the corresponding antibodies and also with an antibody against the endogenous kleisin Rad21 (listed as Vtd in FlyBase) (Gause et al., 2008) . To assess the specificity of the immunoprecipitations and western blot experiments, we used an antibody against the FLAG epitope as a negative control. As shown in Fig. 3A , in the control experiment using the FLAG antibody, no signal was observed in the immunoprecipitated fraction, whereas the anti-Yem polyclonal antibody precipitated a substantial amount of Yem and also SMC3-HA and C(2)M-Myc. These results were confirmed by the reciprocal experiments using, on the one hand, C(2)M-Myc as a bait for Yem and SMC3-HA, and, on the other hand, SMC3-HA as a bait for Yem and C(2)M-Myc. SMC3-HA and C(2)M-Myc have already been described to be within the same meiotic complex (Heidmann et al., 2004) . Interestingly Rad21 was also found in the C(2)M-Myc immunoprecipitate, a result reported here for the first time. In addition Rad21 was consistently found in immunoprecipitates obtained with two different antibodies directed against the endogenous Yem protein (Fig. 3B ). Our data suggest that Yem associates with the meiotic cohesin complex and that Rad21 is part of the complex.
Crossover distribution in yem 1 /+ oocytes Several properties of Yem suggest that it has a potential role in meiotic recombination: (1) Yem is a DNA-binding protein that is specifically localized to the oocyte (Aït-Ahmed et al., 1992); (2) yem 1 oocytes frequently show abnormal segregation of chromosome 4 , which might reflect an indirect consequence of the increase of nonexchange chromosomes in recombination-defective backgrounds (Baker and Hall, 1976; Sandler et al., 1968) , and (3) Yem is associated with the synaptonemal complex and cohesin components. We first tested the role of Yem in recombination by genetically analyzing the effect of yem 1 mutation in the progeny of mutant mothers. Because females that are homozygous for the yem 1 mutation are infertile , we tested meiotic recombination in the progeny of yem 1 heterozygous females, taking advantage of the sensitivity of meiotic recombination to gene dosage (Carpenter, 2003; Carpenter and Sandler, 1974; Hinton, 1966; Mason, 1976; Page and Hawley, 2001 ). We first determined the effect of yem 1 on crossover distribution along the X chromosome. Because meiotic recombination is sensitive to female age and environmental conditions, such as temperature, recombination frequency was determined in the same experimental EP2115 germaria (arrow). In the ord 5 /Df mutant germaria (right panels), Yem displays a staining similar to that of C(3)G, which shows that synaptonemal complex forms at early stages, and then is severely disturbed at later germarial stages where it looks fragmented. In the stage 2 oocyte, both Yem and C(3)G stainings appear as spots (arrow). These defects are comparable to those previously described for C(2)M and C(3)G in ord 5 /Df mutant germaria (Webber et al., 2004) . The ord deficiency used here is Df(2R)3-70. Some staining can be observed throughout the cyst, probably owing to background when using the Yem antiserum. Fig. 3 . Yem associates in vivo with C(2)M, SMC3 and Rad21. Ovary extracts were prepared from flies that express both SMC3-HA and C(2)M-Myc transgenic proteins. (A) The immunoprecipitations were performed with anti-Yem AS2 polyclonal antibody, anti-HA and anti-Myc tag antibodies. The mock immunoprecipitation was performed with an anti-FLAG monoclonal antibody. The protein extracts (E), the flow through (FL) that represents the non-retained fraction and the immunoprecipitated (IP) fractions were submitted to western blot analysis. It is noteworthy that immunoprecipitation with anti-Yem antibody gave the best results, presumably because a polyclonal antibody directed against the endogenous protein was more efficient than anti-tag antibodies. (B) Rad21 presence was assessed in the immunoprecipitated complexes described in (A) with a rabbit polyclonal antibody. Rad21 was consistently immunoprecipitated by two different anti-Yem antibodies (Yem columns).
conditions for wild-type, mei-W68 and yem mutant backgrounds.
The ratio of recombination frequencies tested in the progeny of heterozygous mothers to that in wild-type mothers is shown in Fig. 4A . In all the chromosome intervals tested, yem 1 /+ and mei-W68 1 /+ mothers had a similar effect on crossover frequency, namely an increase at telomeric and centromeric regions and a decrease in the central region. Because mutation of yem affected the distribution of crossovers, by definition yem falls into the 'precondition' class of meiotic genes (Carpenter and Sandler, 1974) .
We then chose to score recombination frequency for the y-w interval in different mutant backgrounds. The y-w interval, which is located in the subtelomeric region of the X chromosome, was chosen because of its small size, thus reducing the probability of multiple recombination events. Moreover, the recombination frequency scored in this interval was a nearly 50% increase, which is the strongest effect of the yem 1 mutation when heterozygous (Fig. 4A) . In our experiments, the y-w interval was estimated as being 1.2 cM for wild-type whereas in the same experimental conditions the same interval was estimated as being 1.7 cM for yem 1 /+ mothers. A similar increase was observed in the y-w interval when analyzing progeny of mothers heterozygous for mei-W68 P22 103 . In contrast, the analysis of progeny from mei-9 a /+ mothers revealed a dramatic decrease (Fig. 4B) . Our results are in agreement with those published earlier (supplementary material Table S1 ). Our finding that mei-P22 falls in the precondition class is consistent with its role in DSB formation, as for mei-W68 (Liu et al., 2002; McKim and Hayashi-Hagihara, 1998) .
In order to gain an understanding of how these precondition and exchange mutations behave in combination with yem 1 /+, we performed an analysis of the recombination frequency in the y-w interval for mei-218 /+ background was not expected from the recombination frequencies observed in the single mutants. The discrepancy between the experimentally determined recombination frequency (0.3) and the expected value if yem and mei-W68 were independent (3.0) is high. In conclusion, mei-W68 1 and yem 1 display a genetic interaction, unlike the other mutations analyzed here, which might reflect a role of Yem in DSB metabolism.
DSB dynamics is modified in yem and Hira mutant backgrounds
To gain further understanding on Yem role in the meiotic recombination pathway, we analyzed DSBs in the yem 1 mutant background used in the genetic experiments along with yem-null (yem 2 ) and Hira-null (Hira HR1 ) mutant backgrounds (Orsi et al., 2013) . To address this question, we monitored the DSBs with an Fig. 4 . Recombination frequency on the X chromosome in mutant and wild-type mothers. All the recombination tests were carried out in wellcontrolled experimental conditions with females whose age was less than 5 days. Recombination frequency is expressed in centimorgans (cM). (A) Crossing over distribution along the X chromosome for yem 1 /+ (light gray) and mei-W68 1 /+ (dark gray) females. The ordinate axis represents the ratio of genetic distance observed in the mutant genotype over the genetic distance observed in the wild type (determined in our experimental conditions). The abscissa axis represents genetic intervals along the chromosome listed from distal to proximal; the wild-type genetic distance (cM) is indicated for each interval. Statistical significance is assessed with the Chi-squared test. *P,0.05, **P,0.01 and ***P,0.001. (B,C) Recombination frequency (cM) analyzed for the y-w interval in offspring of heterozygous meiotic mutants (B) and trans-heterozygous mutants (C). Wild-type, as determined in our experimental conditions, is indicated in white, precondition genotypes and yem 1 /+ that display an increase in the recombination frequency are indicated in gray, and the mei-9 exchange mutant that displays a decrease in recombination frequency is in black. Statistical significance was determined with the Chi-squared test. *P,0.05, **P,0.01, and ***P,0.001. (C) Note the high decrease of recombination rate in mei-W68 anti-c-H2Av antibody. In mammals, the H2AX variant is phosphorylated in the presence of DSBs both in mitotic and meiotic cells (Mahadevaiah et al., 2001; Rogakou et al., 1999) . Similarly, Drosophila H2Av undergoes such a modification (denoted as c-H2Av, phosphorylation occurs on serine 137) in response to DSBs, hence it can be used as a marker for the presence of DSBs (Jang et al., 2003; Madigan et al., 2002) . As schematically shown in Fig. 5A , DSBs in Drosophila form in late region 2a, after the synaptonemal complex is fully formed, and cH2Av foci are absent by late pachytene, in region 3 of the germarium, suggesting that DSBs are fully repaired at this stage (Jang et al., 2003; Mehrotra and McKim, 2006; Webber et al., 2004) . Fig. 5B shows germaria of various genetic backgrounds stained for the synaptonemal complex with an anti-C(3)G monoclonal antibody and for DSBs with an anti-c-H2Av polyclonal antibody. In wild-type germaria, the staining was essentially observed in cysts of late region 2a and region 2b. It is worth noting that c-H2Av staining was also detected in C(3)Gnegative nuclei. In absence of Mei-W68 activity, the c-H2Av staining disappeared from all the nuclei, underscoring the role of Mei-W68 activity in DSB formation, including in C(3)G-negative nuclei. The c-H2Av staining in yem 1 /Df3450 or yem 2 /Df3450 (yem-null) ovaries was in striking contrast with the wild-type staining. In the yem mutant backgrounds, c-H2Av staining was shifted to earlier cysts and displayed weaker signal intensity. Hira HR1 (a Hira-null) mutation had a similar effect (Fig. 5B) . In addition, a Yem signal was not detected on the germarial meiotic chromosomes in the Hira HR1 background (supplementary material Fig. S2 ), which suggests that the meiotic function of Yem on DSBs is dependent on the Hira-Yem complex. To verify whether the precocious DSBs revealed by the anti-c-H2Av antibody in the yem and Hira mutant backgrounds were dependent on Mei-W68 activity, the mei-w68 1 ; yem 1 /Df3450 double mutant was assessed with the same antibody. In the absence of Mei-W68 activity the cH2Av foci were not observed, therefore the precocious DSBs observed in the yem mutant background cannot be attributed to some dysfunction such as unrepaired replication forks (Fig. 5B) . It is worth noting that Hira-null as well as yem-null mutations had no effect on synaptonemal complex.
DISCUSSION
We report here on the function of Yem in early meiosis. Yem was first identified in differential screens for maternally expressed genes (Aït-Ahmed et al., 1992; Aït-Ahmed et al., 1988; Aït-Ahmed et al., 1987) . The V478E mutant allele was recovered in a screen for female-sterile mutations, which fall in the genomic region that contains the yem locus (Aït-Ahmed et al., 1992; Meyer et al., 2010) . The properties of Yem raised the question of its role in early meiotic prophase.
Yem is a new synaptonemal-complex-and cohesinassociated protein
Our results clearly show that Yem associates with the synaptonemal complex following a pattern that is very similar to Joyce and McKim, 2010; Lake and Hawley, 2012) . (B) Whole-mount ovarioles were stained for DNA (blue), C(3)G (green) and c-H2Av (red). The C(3)G and c-H2Av stainings are shown separately for each genotype as black-and-white images. All images represent a full projection of a z-series. The following genotypes were analyzed: wild-type (wt), yem that described for the two well-characterized C(3)G and C(2)M proteins Page and Hawley, 2001) . Moreover, as previously described, Yem follows a pattern that is similar to that of C(3)G in germaria that are mutant for c(2)M and ord Page and Hawley, 2001; Webber et al., 2004) . Therefore, its localization to the chromosomes at early meiotic stages is dependent on the integrity of the synaptonemal complex. Interestingly, Yem is an in vivo partner of components of the cohesin complex. Cohesin is an essential component of the chromosome axes that eventually build the lateral elements of the synaptonemal complex (Lee and Orr-Weaver, 2001; Revenkova and Jessberger, 2006) . From these features it is tempting to assume that Yem is part of the axial elements and as such would be essential for synaptonemal complex formation or maintenance. However, even in mutants that are null for yem (no staining at all with anti-Yem antibodies), the synaptonemal complex looks normal when probed with the anti-C(3)G antibody. In contrast, C(2)M, which we found in the same complex as Yem, has been reported to be an axial element component that is required for formation of the synaptonemal complex (Anderson et al., 2005; Manheim and McKim, 2003) . It remains to be determined what role Yem has in the synaptonemal complex and the cohesin complex, and whether it has a function similar to Rec8, which might be obscured by functional homologs. Rec8, a Rad21/Scc1 paralog with no equivalent in Drosophila has been shown to be a meiosis-specific kleisin that is essential for meiotic cohesion both in S. pombe and S. cerevisiae (Klein et al., 1999; Watanabe and Nurse, 1999) . Moreover, it is a component of the axial elements in S. cerevisiae (Klein et al., 1999) . The functions of Rec8 are far less clear in mammals. First, there was a controversy as to whether or not the mammalian meiotic cohesin complex is a component of axial elements. This controversy has been partly solved with the identification of a new meiosis-specific Rad21 paralogous protein called Rad21L; axial elements only get affected substantially in a context where both Rec8 and Rad21L are simultaneously knocked out (Llano et al., 2012) . However, the impact of this double deficiency on sister chromatid cohesion is still controversial (Herrán et al., 2011; Ishiguro et al., 2011; Llano et al., 2012) . In fact, a variety of complexes with cohesin components might exist simultaneously and fulfil different roles during meiosis (Calvente et al., 2013) . In the case of Yem, its role in cohesion and synaptonemal complex assembly or maintenance is still elusive. No effect of yem 1 mutation on sister chromatid cohesion could be observed in spite of a detailed analysis of the mutant phenotypes , neither could we show in the present work any effect on the synaptonemal complex. Given their complexity, our results require further investigations before being fully understood. An account of our current knowledge on cohesin complexes during meiosis and the many unanswered questions has been published recently (McNicoll et al., 2013) .
Crossover distribution and DSBs formation in yem 1 mutant oocytes
Crossovers are essential for chromosome segregation in recombination-proficient cells because they link the homologs, resulting in their segregation at meiosis I. In absence of crossovers, the homologous chromosomes segregate randomly. Therefore the mechanisms that support crossover formation must be stringently regulated, in particular, to ensure that at least one crossing over forms between each homologous pair. Beyond the obligate crossing over, the spatial distribution of crossovers is regulated. Crossing over distribution can be regulated at two levels: (1) at the DSB formation level, and (2) in resolution of crossing over versus noncrossing over. The relative number of non-crossing over versus crossing over events depends, in particular, on crossover interference, a phenomenon that prevents a new crossover from forming too close to another crossover (Youds and Boulton, 2011) . As only a few progeny can be recovered from yem 1 females , to test the effect of yem 1 on meiotic recombination we took advantage of the dominant effect of recombination-defective mutations (Carpenter, 2003) . We were then able to show that yem 1 affected crossover distribution along the X chromosome. It is noteworthy that all the meiotic mutations tested in heterozygous conditions had the same effect on the frequency of recombination in the y-w interval with the exception of mei-9, the archetypal exchange mutation (Carpenter and Sandler, 1974) . All genes whose mutant alleles affected crossover distribution are classified as precondition genes (Carpenter and Sandler, 1974) regardless of their function. This group includes genes with functions as diverse as synaptonemal complex formation [c(3)G], DSB formation (mei-W68) and DSB repair (Bhagat et al., 2004) , suggesting that the effect on crossover distribution is indirect. In response to a decrease in the number of crossovers in the mutant backgrounds, a back-up mechanism would allow their formation at a place where they are not usually authorized (Bhagat et al., 2004) . Both in C. elegans and Drosophila, a checkpoint has been reported that delays pachytene to allow crossovers to form even in chromosome locations where they normally do not occur (Carlton et al., 2006; Joyce and McKim, 2010) . Indeed, even chromosome 4 might experience recombination in a context where crossover distribution is aberrant (Sandler and Szauter, 1978) . As can be observed in our data, in response to yem 1 mutation, more crossovers form in the telomeric and centromeric regions. However, it is not clear to what extent crossing over frequency is affected in homozygotes. Interestingly, yem mutations affect the timing of DSBs. A similar effect is observed in Hira HR1 mutant ovaries, a result that is in line with the absence of Yem on the meiotic chromosomes in the Hira HR1 background. Therefore, the role of Yem on DSB kinetics is dependent on its Hira partner. Taken together, these data suggest that the function of Yem during early meiotic prophase is dependent on the Hira-Yem complex. The function of the Hira-Yem H3.3 histone complex in the DSB kinetics is reported here for the first time. These data deserve further investigations in order to gain insight into the role of chromatin status in the meiotic recombination process. Moreover, this work raises new issues, such as the impact of chromatin structure on meiosis-specific protein complexes (the synaptonemal complex and cohesin complexes) and DSB metabolism.
MATERIALS AND METHODS
Fly stocks used in this work are given in supplementary material Table S2 .
Whole-mount immunocytochemistry for detection of Yem, the synaptonemal complex and c-His2Av
For Yem detection, immunostaining was performed with a polyclonal antibody developed against Yem-a; washing and incubation with fluorescent secondary antibodies were as described previously (Aït-Ahmed et al., 1992; Capri et al., 1997; Meyer et al., 2010) . Additional primary antibodies included mouse anti-C(3)G antibody, used at 1:500 (Page and Hawley, 2001) , rabbit anti-C(2)M antibody, used at 1:400 , and the monoclonal anti-HA tag antibody, used at 1:200 (Sigma). Rhodamine-or FITC-conjugated anti-rabbit-IgG and anti-mouse-IgG antibodies were from Jackson ImmunoResearch Labs Inc. The other secondary antibodies were coupled either to Alexa Fluor 488 and Alexa Fluor 555 (Molecular Probes) or Fluoprobes 546 (Interchim).
For c-His2Av detection, females were dissected and fixed as described previously (Page and Hawley, 2001) . Primary antibodies included mouse anti-C(3)G antibody used at 1:500 and rabbit anti-c-His2Av antibody used at 1:500 (Rockland Anti-Histone H2AvD pS137 Antibody). Secondary antibodies were coupled either to Alexa Fluor 555 (Molecular Probes) or Fluoprobes 546 (Interchim). A Leica DM600B microscope was used for conventional epifluorescence. Confocal microscopy was performed either with a Biorad device or a Zeiss LSM 510 microscope.
Recombination frequency analysis
The flies were raised at 25˚C for all the crosses designed to measure crossing over. All control experiments were carried out in exactly the same conditions as test experiments. Freshly hatched females were mated on the same day. After 5 days of egg laying, the parents were discarded. Only the 0-5-day egg-laying period was used to avoid age-dependent effects. Crossing overs were assayed for the X chromosome by crossing the different mutant stocks with stocks containing appropriate combinations of X chromosome markers to generate females that are heterozygous for yem a and heterozygous for y w cv v f car. To cope with the epistatic effect of white on the other eye markers, different set ups of marked chromosomes were used (supplementary material Table S2 ). Statistical significance was assessed with a Chi-squared test. For all experiments, *P,0.05 **P,0.01 and ***P,0.001.
Immunoprecipitations and western blot analysis
For co-immunoprecipitation experiments, we essentially used a protocol described previously (Jäger et al., 2001 ) with some modifications as indicated. 100 ovaries were dissected manually on ice in 250 ml of icecold lysis buffer. Lysis buffer was essentially as described previously (Jäger et al., 2001 ) but was supplemented with an EDTA-free protease inhibitor cocktail (Roche tablets). PMSF was also added to a 1 mM final concentration. Before homogenization, an equal volume of ice-cold lysis buffer was added. After centrifugation, the cleared homogenate was adjusted to 1 ml in lysis buffer. Two aliquots of 30 ml were set aside for use as input in the western blot experiments. The diluted cleared extracts were then submitted to the immunoprecipitation procedure with 50 ml GSepharose beads (Sigma) pre-incubated with the primary antibodies [AS2 rabbit polyclonal (10 ml), M2 mouse anti-Flag (2 ml; Sigma), monoclonal anti-c-Myc (2 ml; Sigma), rabbit ChIP grade anti-HA (2 ml; Abcam)]. The anti-Flag antibody was used in a mock experiment to assess the specificity of the immunoprecipitation reactions.
The protein extracts and the retained fractions were then submitted to western blot analysis. SDS-PAGE electrophoresis was carried out on 8% acrylamide gels with a Bio-Rad device. Western blotting was performed with standard procedures using either Pierce ECL Western Blotting Substrate (Thermo Scientific) or Millipore Immobilon Western Chemiluminescent substrate as recommended by the supplier. The following antibodies against the epitope tags were used: M2 anti-Flag (1:1000; Sigma), anti-c-Myc (1:400; Sigma), anti-HA (1:400; monoclonal Sigma). Yem AS2 rabbit polyclonal antibodies were used at 1:100 and rabbit anti-Rad21 polyclonal antibodies (kindly provided by Dale Dorsett, Doisy Research Center, USA) were used at 1:500 (Gause et al., 2008) . Secondary antibodies were goat horseradish-peroxidasecoupled anti-mouse-IgG and anti-rabbit-IgG antibodies (1:10,000; Beckman).
